Background. Mutations involving isocitrate dehydrogenase 1 (IDH 1) occur in a high proportion of diffuse gliomas, with implications on diagnosis and prognosis. About 90% involve exon 4 at codon 132, replacing amino acid arginine with histidine (R132H). Rarer ones include R132C, R132S, R132G, R132L, R132V, and R132P. Most authors have used DNA-based methods to assess IDH1 status. Preliminary studies comparing imunohistochemistry (IHC) with IDH1-R132H mutation-specific antibodies have shown concordance with DNA sequencing and no cross-reactivity with wild-type IDH1 or other mutant proteins. The present study compares results of IHC with DNA sequencing in diffuse gliomas. Materials and methods. Fifty diffuse gliomas with frozen tissue samples for DNA sequencing and adequate tissue in paraffin blocks for IHC using IDH1-R132H specific antibody were assessed for IDH1 mutations. Results. Concordance of findings between IHC and DNA sequencing was noted in 88% (44/50) cases. All 6 cases with discrepancy were immunopositive with DIA-H09 antibody. While in 3 of these 6 cases, DNA sequencing failed to reveal any mutations, R132L (arginine replaced by leucine) mutation was found in the rest 3 cases. Interestingly, of the immunopositive cases, 46.6% (14/30) showed immunostaining in only a fraction of tumor cells. Conclusions. IHC is an easy and quick method of detecting IDH1-R132H mutations, but there may be some discrepancies between IHC and DNA sequencing. Although there were no false-negative cases, cross-reactivity with IDH1-R132L was seen in 3, a finding not reported thus far. Because of more universal availability of IHC over genetic testing, cross-reactivity and staining heterogeneity may have bearing over its use in detecting IDH1-R132H mutation in gliomas.
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T he IDH1 gene on chromosome 2q33.3 encodes for isocitrate dehydrogenase 1 (IDH1), located in the cytoplasm and the peroxisomes. This enzyme catalyzes NADPH production via oxidative decarboxylation of isocitrate to alpha-ketoglutarate in the Krebs citric acid cycle. 1 In 2008, for the first time, Parsons et al introduced to the medicine world the role of IDH1 in the pathogenesis of glioblastoma multiforme (GBM). In their genome-wide sequencing analysis, recurrent somatic mutations specifically involving the amino acid arginine at position 132 were detected in 12% of the GBM specimens.
2 Subsequent studies have shown that IDH1 mutation is an early step in gliomagenesis and has been reported to occur in grades II and III astrocytomas, oligodendrogliomas (OG), oligoastrocytomas (OA), and secondary GBM. 3 -12 Hartmann et al, in their analysis of 1010 diffuse glioma tumors, demonstrated that most cases of diffuse astrocytomas (DA; 72.7%, 165/227), anaplastic astrocytomas (AA; 64.0%, 146/228), OG (82.0%, 105/128), anaplastic oligodendrogliomas (AOG; 69.5%, 121/174), OA (81.6%, 62/76), and anaplastic oligoastrocytomas (AOA; 66.1%, 117/177) had IDH1 mutations. 13 Of importance, these mutations appear to be specific for these tumors as primary GBM, pilocytic astrocytoma World Health Organization (WHO) grade I and other central nervous system (CNS) and non-CNS neoplasms, with the exception of acute myeloid leukemia and cartilaginous neoplasms, harbor this genetic alteration much less frequently. 3 -11,14 -19 Different types of mutations have been described, and the most frequent is G to A transitions at position 395 of the IDH1 transcript. This results in substitution of the amino acid arginine with histidine (R132H). Rarer ones include R132C, R132S, R132G, R132L, R132V and R132P. 2,4,5,8 -11,13,17,20,21 Mutations involving IDH2, a homologous gene, have also been detected in gliomas but at a much lower frequency ranging from 2% to 5%. 8, 10, 13, 17, 21, 22 Although these mutations are rare in the pediatric age group, in patients aged ≥18 years, they seem to be associated with younger age at presentation and have a favorable impact on the overall and progression-free survival associated with grade II-IV gliomas. 2,6,7,10,12,13,22 -28 IDH1 testing is being used as a standard diagnostic tool in many neuropathology laboratories. It is useful in differentiating gliomas from nonneoplastic CNS lesions, 21,29 -31 diffuse astrocytoma WHO grade II from pilocytic astrocytoma grade I, 15, 32 anaplastic astrocytomas WHO grade III from GBM, 32 primary from secondary GBM, 6, 32 and astrocytomas from ependymomas. 32 Most studies of IDH mutations are based on DNA sequencing, which is labor intensive, requiring trained personnel and sophisticated equipment, not available at every center. Moreover, false-negative results may be obtained in cases of inadequate tumor DNA availability because of small biopsy samples, extensive necrosis, or admixture with normal tissue elements. Alternate rapid methods, some based on routinely processed tissue specimens, have been recently suggested. 17,21,26,29 -36 Of these, a significant development was the introduction of mAb H09 33 and IMab-1 34 antibodies, which are specific for the most common IDH1 mutation: R132H. In the present study, which is a continuation of our previous study on IDH1 mutation as assessed by direct DNA sequencing, 11 we compared the results of immunohistochemistry (IHC) using mAb H09 for IDH1-R132 mutations with those of DNA sequencing in different types and grades of gliomas.
Materials and Methods

Tumor Specimens
Tumor samples were obtained fresh at the time of surgery from the operation theatre of the Neurosurgery Department at the All India Institute of Medical Sciences, New Delhi, India. All experiments using the human samples were approved by the ethical committee of our institution. There were 8 DA (WHO grade II), 7 AA WHO grade III, 20 GBMs WHO grade IV, 5 grade II OG, 4 AOG, 3 grade II OA, and 3 AOA. Portions of resected tumors were snap-frozen in liquid nitrogen and stored at -808C until use, and the rest of the tissue was formalin-fixed and paraffin-embedded for routine histopathology and IHC. The hematoxylin and eosin (H&E) -stained slides were reviewed by 4 independent neuropathologists (M.C.S., S.A., V.S., and C.S.), who were not aware of the results of the genetic analysis, and consensus diagnoses were made according to WHO classification (2007) . 37 Clinical parameters, including age, sex, duration of symptoms, and relevant clinical history, of all the patients were recorded. Cases of GBM were classified as primary if there was no history and histomorphological evidence of a diffuse or anaplastic glial tumor and when the duration of symptoms was ,3 months. A case was categorized as secondary GBM only if there was a history of surgery for lower grade precursor tumors. 38, 39 Thus, there were 15 primary and 5 secondary GBM cases.
Tissue Procurement and DNA Preparation
Frozen tumor specimens were embedded in freezing medium, sectioned at 5 mm, and stained with H&E. Subsequent 15 serial sections of 40 mm were taken separately for DNA isolation and stored immediately in liquid nitrogen cooled vials. Flanking sections measuring 5 mm were analyzed histologically for presence of adequate tumor tissue, to look for areas of necrosis and normal cerebral cortex. Those sections where the flanking H&E sections showed tumor content .80%, with none or minimal necrosis and no normal tissue were used for DNA extraction. DNA from the tumor tissue was extracted using Genelute mammalian DNA isolation Kit (M/s. Sigma Aldrich, St. Louis, MO) according to the manufacturer's protocol.
IDH1 Mutational Analysis
Mutations in exon 4 of IDH1 were determined by direct sequencing in all the cases. Primer sequences used were forward 5 ′ AATGAGCTCTATATGCCATCACTG3 ′ and reverse 5 ′ TTCATACCTTGCTTAATGGGTGT3 ′ . PCR amplification was performed in a total of 10 mL reaction mixture containing 50 ng of tumor DNA, 1 mL of 10× PCR buffer, 0.8 mL of 10 mM dNTPs, 0.25 mL of each forward and reverse primers, and 0.2 mL of AmpliTaq Gold PCR Master Mix (Applied Biosystems, Inc., Foster City, CA). Initial denaturation was performed at 958C for 5 min. This was followed by 35 cycles of amplification consisting of denaturation at 958C for 1 min, annealing at 578C for 45 s, and extension at 728C for 2 min. Bidirectional sequencing was performed using ABI 3730 sequencer (Applied Biosystems).
In cases in which the results of DNA sequencing and IHC were discrepant, repeat genetic testing was done on formalin-fixed paraffin embedded (FFPE) tissue. For this, paraffin blocks with adequate representative tumor tissue .80% and with a minimal necrotic zone were chosen. This was confirmed by assessing H&E-stained flanking sections. Forward and reverse primers used included 5 ′ CGGTCTTCAGAGAAGCCATT3 ′ and 5 ′ GCA AAATCACATTATTGCCAAC3 ′ , respectively. For PCR, initial denaturation was performed at 958C for 10 min. This was followed by 37 cycles of amplification consisting of denaturation at 958C for 30 s, annealing at 568C for 30 s, and extension at 728C for 30 s.
Immunohistochemistry
Immunohistochemistry for IDH1-R132H was done on 5-microns -thick formalin-fixed, paraffin-embedded tumor sections with use of antibody specific for the mutant IDH1-R132H protein (H09, Dianova, dil 1:100). Labeled streptavidin biotin kit (Universal) was used as a detection system (Dako, Denmark). Antigen retrieval was performed in citrate buffer (pH, 6.0) in a microwave oven. Two observers (M.C.S. and S.A.) together evaluated the results of IHC on a multiheaded microscope and were blinded to the results of the genetic analysis. Combined cytoplasmic and nuclear staining was interpreted as immunopositive. A 3-tiered semiquantitative system used in the previous study by Preusser M et al Results (Table 1) DNA Sequencing (Fig. 1) Of the 50 gliomas included in the study, in initial DNA sequencing, 28 cases were found to bear heterozygous IDH1 mutations, all localized to codon 132 of IDH1. There was substitution of the amino acid arginine by histidine (R132H) in 48% (24/50), by leucine (R132L) in 6% (3/50), and by cysteine (R132C) in 2% (1/50).
Immunohistochemistry (Fig. 2)
With use of H09, mAb specific for R132H, immunoreactivity was noted in 60% (30/50) cases, of which 53.3% (16/30) showed diffuse positivity and 46.6% (14/30) showed immunopositivity in a fraction of tumor cells. The antibody stained the cytoplasm and weakly the nucleus of the tumor cells. Endothelial cells and residual normal and reactive glial cells did not show immunopositivity. Background staining was absent in most but, wherever present, did not hamper interpretability of results.
In astrocytic tumors, H09 highlighted uni-and bipolar processes emanating from the neoplastic cells ( Fig. 2A) . AA (WHO grade III), in addition, showed thin multipolar stellate processes (Fig. 2B) . Gemistocytic astrocytoma (WHO grade III) showed peripheral accentuation of staining with central paler unstained zone (Fig. 2C) . Strong cytoplasmic staining, with very few cytoplasmic processes, was observed in oligodendrogliomas in both WHO grades II and III tumors (Fig. 2D) . However, in the infiltrating zones, these cells appeared to acquire uni-to bipolar processes similar to those of astrocytomas (Fig. 2D inset) .
In all but 2 cases of OA, both the astrocytic and the oligodendroglial components were immunoreactive. In the remaining 2 cases, both of mixed OA, one being WHO grade II (Fig. 2E) and the other grade III (Fig. 2F) , however, immunopositivity was observed in only the oligodendroglial component. Tumor cells showing condensation in the subpial (Fig. 2G ) and perivascular (Fig. 2G inset) zones in 2 of the oligoastrocytic tumors were also positive. GBM (WHO grade IV) showed cytoplasmic and weak nuclear positivity with absent or short cytoplasmic processes (Fig. 2H) .
Cases With Discrepant Results of Genetic Testing and IHC (Fig. 3) Immunopositivity was observed in 30 (60%) cases, of which 24 (80%) showed concordance with DNA sequencing. There were 6 cases that were immunopositive for R132H protein but showed either an absence of the corresponding mutation (CGT -CAT; in 4 tumors) or the presence of a variant mutation (CGT -CTT; in 2 cases) on primary DNA sequencing. In 5 of these 6 cases, the tumor cells showed moderate to strong immunoreactivity in only a fraction of the neoplastic cells (Fig. 3) . Repeat genetic testing of these 6 cases from paraffin-embedded tissue revealed results similar to those of the prior DNA sequencing done using frozen tissue, except for one case of AOA (WHO grade III), which initially had shown lack of IDH1 mutation, but later was found to harbor CGT -CTT transversion, leading to substitution of arginine with leucine (R132L). Thus, there were 3 cases that were IDH1 mutation negative by genetic analysis (cases 17, 19, and 50) and 3 that had R132L (cases 8, 14, and 24) type of mutation but were still immunoreactive with H09.
Discussion
IDH1 mutation testing is being used as a diagnostic tool in many neuropathology centers and for prognostication of these patients in many clinical trials. For this purpose, IHC using mutant protein -specific mAb has been shown to be a reliable method with high sensitivity and specificity, combined with the advantages of the technique (i.e., ease of performance along with time and costeffectiveness). 32,40 -42 Capper et al, in a comparative study between IHC and genetic testing, found that IHC was 100% sensitive and specific in detecting IDH1-R132H mutations. 32 In their study, there were 9 cases with discrepant results obtained using the 2 methods. However, repeat genetic testing yielded results similar to those of IHC. Both antibodies, H09 and IMab-1, used for detection of the most common IDH1-R132H mutation are shown to be equally effective, and no cross-reactivity with either wild-type IDH1 or other variant mutant proteins has been reported. However, a recent study has documented improved results with H09, compared with with IMab-1, because of a higher signal-to-background ratio with the former. 40 In the present study, we compared immunostaining results using H09 with direct DNA sequencing in 50 cases of diffuse glioma. The pattern of immunoreactivity was similar to that described by Capper et al. 32 The antibody stained both the cytoplasm and the nuclei of the tumor cells, as also has been previously reported. 32, 40 None of the tumors included showed only nuclear labeling. Although IDH1 is located in the cytoplasm, the reason behind nuclear staining remains ambiguous. Possible explanations for this phenomenon include in vivo localization of the mutant protein to nucleus or by antigen diffusion (i.e., the penetration of the soluble protein into the nucleus during tissue processing). 32, 40 Heterogeneity of staining with only a fraction of tumor cells taking up the stain was noted in 46.6% (14/30) cases. In a recent study on IHC that used both antibodies H09 and IMab-1 in 95 diffuse glioma cases, focal immunostaining of only a proportion of tumor cells was noted in as many as 15% of the cases. This heterogeneity was not restricted to higher grade tumors but was also noted in grade II lesions, 40 as was also the case in our study, thus, raising the possibility that IDH alterations may not be as early a genetic lesion as has been previously hypothesized. Preusser et al reported preferential staining of the oligodendroglial component in biphasic OA. 40 In the current series, 2 oligoastrocytic tumors (one mixed OA -WHO grade II and another case of biphasic AOA-WHO grade III) showed immunolabeling of the oligodendroglial component only. This could be explained by the higher frequency of IDH1-R132H mutations in oligodendroglial tumors than in astrocytomas. 10, 13 Pusch et al reported a case of DA diffusely immunopositive for IDH1R132H, but on progression to secondary GBM, showed focal loss of the mutated IDH1 protein. 43 These findings are in contrast to those by Capper et al. 30, 32 They reported diffuse homogenous staining in all the morphologically recognizable tumor cells in cases with IDH1-R132H mutations, thus suggesting use of IHC in picking even few tumor cells in the infiltrating edge and in small biopsies and in differentiating them from nonneoplastic glial cells. 30, 32 In view of the focal immunostaining for IDH-R132H IHC, it has been proposed that other markers, such as p53 and vIII mutant of epidermal growth factor receptor, may be used as adjuncts for diagnosis. 29 Genetic testing revealed a relatively high rate of R132L mutations (4/50; 8%). On review of the available English literature, the incidence of this mutation has varied from 0.08% to 2%. 4, 10, 11, 13, 20, 21 The high frequency in our samples may be attributable to a selection bias, because only those cases with adequate tissue in paraffin blocks and available frozen tissue were included in the study.
When comparing results of IHC with those of DNA sequencing (Table 2 ), 6 cases that were immunopositive for IDH1-R132H protein were found to lack the CGT-CAT transition. Strong staining reaction limited to the tumor cells along with minimal background ruled out misinterpretation. Of interest, initial genetic testing failed to reveal any mutation in 4 cases, and 2 tumors were found to carry R132L mutation (Table 1) . Replicate results were obtained in 5 of the 6 cases on repeat DNA sequencing performed on paraffin-embedded tissue sections. Of note, the sixth case revealed no mutation on DNA sequencing using frozen tissue but showed R132L mutation on repeat DNA sequencing using paraffin-embedded tissue. Of interest, case 21 also had the R132L mutation but was negative by IHC. Thus, 3 of the 4 tumors with R132L mutation showed cross-reactivity with the antibody. Capper et al used Western blot on cell lysates, which overexpressed all variants of IDH1 mutation, including R132L, but found no cross-reactivity of the IDH1-R132H antibody. 32 Similar results were obtained by Kato et al. 34 Recently, guidelines for performing diagnostic IDH testing using IHC and DNA sequencing have been established. 44 Although the present study was undertaken before these were published, the methodology used is similar and is well standardized, being used for routine neuropathology practice. Cell culture study demonstrating H09 binding the R132L mutant protein is required to establish this cross-reactivity. However, because of unavailability of this facility, it could not be performed. The reason for this cross-reactivity is not known and is a matter of discussion to be further elucidated in larger studies.
In addition, no IDH1 mutation could be detected, even on genetic retesting, in the rest of the 3 tumor specimens with discrepant results. In 2 of these 3 cases, IHC demonstrated presence of mutated protein in only a proportion of tumor cells. Although corresponding paraffin sections, on which IHC was performed, were used for repeat DNA sequencing, inadequacy of representative tumor tissue could be attributed to failure to demonstrate the mutations. Laser microdissection of tumor cells in cases with heterogenous immunopositivity and with discrepant results is required for genetic analysis but could not be performed in the present study.
Conclusion
Immunohistochemical testing for IDH1 mutation using antibody for IDH1-R132H in diagnostic neuropathology is being performed in more centers worldwide. Although it is more sensitive than DNA sequencing in detecting IDH1-R132H mutations, awareness to the possibilities of heterogenous staining pattern and crossreactivity with variant mutant proteins is essential for correct interpretation of results. To the best of our knowledge, the present study for the first time reports cross-reactivity of IDH1-R132H monoclonal antibody with R132L protein in formalin-fixed paraffinembedded sections. In view of the rarity of mutations other than R132H in gliomas, multicentric pooling and evaluation of larger number of such cases is needed.
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